Introduction {#S5}
============

Obesity-associated chronic inflammation plays an important role in the pathophysiology of insulin resistance, diabetes and cardiometabolic diseases ([@R1]). Obese adipose tissue demonstrates increased infiltration of immune cells ([@R2]). In particular, adipose macrophages, the most abundant inflammatory cells in obese adipose tissue and largely derived from infiltration of circulating monocytes, form "crown-like structures" around dead adipocytes, a feature associated with insulin resistance and cardiovascular risk ([@R3]).

Chemokines and their receptors play pivotal roles in tissue trafficking of leukocytes and therefore are of particular interest in obesity-associated inflammation and metabolic dysregulation ([@R4]). The chemokine receptor C-C receptor type 2 (CCR2) and its ligand C-C motif chemokine ligand-2 (CCL2, or monocyte chemoattractant protein-1) modulate monocyte/macrophage chemotaxis and local inflammatory responses ([@R5]). Adipose tissue expression and circulating levels of CCL2 were increased in obese rodents and humans ([@R6], [@R7]). In 60% high-fat diet (HFD; 60% calories from fat) fed mice, CCR2 deficiency attenuated the development of obesity, adipose tissue macrophage accumulation and systemic insulin resistance ([@R5]). Fractalkine (CX3CL1) is another adipocyte-derived inflammatory chemokine with higher expression in obese adipose tissue, and elevated plasma levels in diabetic subjects ([@R8]). Interaction of CX3CL1 and its receptor CX3CR1 mediates leukocyte adhesion ([@R9]).

CCR2 and CX3CR1 are differentially expressed on two major subsets of blood monocytes ([@R10], [@R11]). In mice, Ly6c^Low^ monocytes lack CCR2 but express high levels of CX3CR1, and are long-lived, patrolling leukocytes that give rise to tissue macrophages under homeostatic conditions ([@R12]). Conversely, Ly6C^High^ subsets of inflammatory monocytes express CCR2 and low levels of CX3CR1, and are short-lived and migrate rapidly from the circulation into inflamed tissues ([@R13]). CCR2 is the major regulator of Ly6C^High^ monocyte trafficking ([@R14]), while CX3CR1 facilitates Ly6C^Low^ monocyte adhesion to and patrolling of endothelial cells ([@R12]). Mice lacking either *Ccl2*, *Cx3cr1* or *Ccr5* have attenuated atherosclerosis with the combinations of knockouts of the three genes demonstrating a more pronounced protective phenotype ([@R15]), supporting the idea that these chemokine pathways act in an additive manner in atherogenesis.

The impact, however, of dual targeting of the CX3CR1/CX3CL1 and CCR2/CCL2 systems on the metabolic and inflammatory consequences of obesity have not been examined. We hypothesized that, because of the attenuation of monocyte tissue recruitment, dual targeting of CX3CR1 and CCR2 would exert additive effects on HFD-induced adipose tissue inflammation and related weight gain, glucose intolerance and systemic insulin resistance. To our surprise, although combined CCR2 and CX3CR1 deficiency showed reduction in circulating monocytes and modest reduction in proportion of M1-like adipose tissue macrophages coincident with reciprocal increase of M2-like macrophages, their joint deficiency had no impact on the metabolic consequences of HFD and obesity. This is the first study, to our knowledge, to address synergistic impact of dual targeting of CCR2 and CX3CR1 on obesity-related metabolic and inflammatory traits in mice.

Methods {#S6}
=======

We compared metabolic and inflammatory phenotypes of mice with genetic deficiency of *Cx3cr1*, *Ccr2*, or both to their C57BL/6J Wild-Type (WT) littermates during extended periods of high-fat feeding (45% calories from fat for 25 weeks) as previously reported in studies utilizing single *Ccr2^−/−^* ([@R5], [@R16]) and *Cx3cr1^−/−^* mice ([@R17]). Specifically, we examined 1) body weight, body composition and plasma lipid profile, 2) fasting glucose concentrations and glucose intolerance, 3) baseline and glucose-stimulated insulin secretion, and peripheral insulin sensitivity by insulin tolerance test (ITT) and hyperinsulinemic euglycemic clamp; 4) circulating monocyte counts; 5) adipose tissue macrophage accumulation and activation and circulating levels of cytokines ([Figure 1](#F1){ref-type="fig"}).

Diet-induced obesity {#S7}
--------------------

*Ccr2^−/−^* mice were generated by replacing the first 279 base pairs of the *Ccr2* gene with a monomeric red fluorescent protein (RFP) reporter gene ([@R18]). *Cx3cr1^−/−^* mice were generated by replacing the first 390 base pairs of the *Cx3cr1* gene with an enhanced green fluorescent protein (EGFP) reporter gene ([@R19]). *Cx3cr1^−/−^Ccr2^−/−^* double knockout mice (a gift from Dr. Charo) were generated by crossing *Ccr2^−/−^* mice with *Cx3cr1^−/−^* mice ([@R18]). Both male and female mice were used and analyzed separately because of known sex differences in metabolic responses to high fat feeding in rodents. Beginning at 12-weeks of age, the mice were fed a high-fat high-sucrose diet with 45% calories from fat (45% HFD, D12451, Research Diets) for up to 25 weeks.

Body weight, body composition {#S8}
-----------------------------

Body weight was monitored and body composition was measured by ^1^H-magnetic resonance spectroscopy (Echo MRI, Houston, TX) after a 5-hour fasting ([@R17]).

Glucose homeostasis {#S9}
-------------------

Fasting blood glucose level and intraperitoneal glucose tolerance test (IPGTT) with 20% glucose at 2 g/kg were measured in tail blood using glucometer (AlphaTRAK, Abbott Laboratories, Alameda, CA) at 8 AM after an overnight (16-hour) fast. Fasting insulin levels and glucose-induced insulin secretion (20% glucose at 1 g/kg) were measured after an overnight fast using tail blood plasma samples and ultra-sensitive mouse insulin ELISA (Crystal Chem Inc, Downers Grove, IL).

Insulin tolerance test (ITT) and hyperinsulinemic euglycemic clamp {#S10}
------------------------------------------------------------------

Insulin tolerance test (ITT) (1 U/kg insulin) ([@R17]) and hyperinsulinemic euglycemic clamp were performed after a 5--6 hour fast as published ([@R20], [@R21], [@R22]).

Complete blood count analysis with differential {#S11}
-----------------------------------------------

Complete blood count (CBC) with differential was analyzed with Sysmex XT-2000iV Automated Hematology Analyzer using EDTA-treated whole blood.

Adipose flow cytometry {#S12}
----------------------

As described ([@R17]), perigonadal adipose stromal vascular fraction (SVF) cells were separated from mature adipocytes by digesting with Type I collagenase. After blocking by Fc block (BD Bioscience, San Jose, CA), cells were stained with the following antibodies: CD45-FITC, Ter119-PE, F4/80-PE-Cy7, CD11c-APCeF780, and CD11b-AF700 (eBioscience) and CD301(MGL1)-AF647 (AbD Serotec, Raleigh, NC) and run on a BD LSRII. Data were analyzed by FlowJo (Tree Star, Inc. Ashland, OR).

Statistical analyses {#S13}
--------------------

Sample size calculations were performed to determine the minimum number of mice per group. Based on results of a pilot study on 45% HFD-fed WT mice showing fasting blood glucose levels of 100.3±13.5 mg/dl (mean±SD), a sample size of n=8 would be adequate to ensure 80% power to detect a 20 mg/dl difference in mean fasting blood glucose levels, assuming a two-sided test and α of 0.05. Analyses were performed using GraphPad Prism 6 and data were expressed as mean±SEM. For single time point measurement, statistical analyses were performed using unpaired t-test for two groups, and one-way ANOVA for more than two groups followed by Dunnett's multiple comparisons test to compare each group with WT mice unless otherwise documented. For repeated measurements (weight, IPGTT, glucose-induced insulin secretion and ITT), two-way ANOVA tests for repeated measurement followed by Dunnett's multiple comparisons test were performed.

The [on-line supplement](#SD1){ref-type="supplementary-material"}, including [supplemental figures](#SD1){ref-type="supplementary-material"}, provides additional methods and results.

Results {#S14}
=======

Deficiency of *Ccr2*, *Cx3cr1* or both did not affect weight gain or body composition in male mice on HFD {#S15}
---------------------------------------------------------------------------------------------------------

We have previously shown that 45% HFD induced marked weight gain, glucose intolerance and increase visceral adipose tissue macrophage infiltration in male C57BL/6J WT mice ([@R17]). In the current study, male WT, *Ccr2^−/−^*, *Cx3cr1^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice were fed with 45% HFD starting at 12-weeks of age, and body weight was recorded over time. All groups gained equal weight on HFD with no evidence of differences between groups ([Figure 2A](#F2){ref-type="fig"}). The body composition was also similar between groups ([Figure 2B](#F2){ref-type="fig"}). Plasma lipid profile showed marginal reduction in total cholesterol but not HDL-C and triglyceride in *Cx3cr1^−/−^Ccr2^−/−^* mice vs. WT mice ([Figure S1](#SD1){ref-type="supplementary-material"}). The results suggested that in male mice, deficiency of *Ccr2*, *Cx3cr1* or both had no meaningful impact on changes in body weight and body composition induced by a 45% HFD.

Deficiency of *Ccr2*, *Cx3cr1* or both did not affect HFD-induced hyperglycemia or glucose intolerance in male mice {#S16}
-------------------------------------------------------------------------------------------------------------------

HFD feeding increased fasting glucose levels and impaired glucose tolerance in WT mice ([Figure 3A--B](#F3){ref-type="fig"}). This HFD-induced hyperglycemia was also observed in *Ccr2^−/−^*, *Cx3cr1^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice, and did not differ between groups ([Figure 3C](#F3){ref-type="fig"}). Similarly, glucose intolerance, measured by IPGTT, in all groups did not differ by genotype at 4, 8, 12, and 23 weeks of HFD ([Figure 3D](#F3){ref-type="fig"}). The only trend was in *Ccr2^−/−^* mice with slight attenuation of glucose intolerance at 8 weeks of HFD, but this effect was not observed outside this single time-point. Overall, the results suggest that deficiency of *Ccr2*, *Cx3cr1* or both did not affect fasting hyperglycemia or glucose intolerance induced by HFD feeding in male mice.

Deficiency of *Ccr2*, *Cx3cr1* or both did not affect baseline and stimulated insulin secretion or insulin sensitivity in male mice {#S17}
-----------------------------------------------------------------------------------------------------------------------------------

In the absence of effects of *Ccr2* and *Cx3cr1* deficiency on HFD-induced fasting hyperglycemia or glucose intolerance, we next examined whether fasting insulin level, glucose-induced insulin secretion or insulin sensitivity were affected. There were no differences in fasting insulin levels ([Figure 4A](#F4){ref-type="fig"}) and glucose-induced insulin secretion ([Figure 4B](#F4){ref-type="fig"}). Insulin sensitivity assessed by ITT was also similar between groups ([Figure 4C](#F4){ref-type="fig"}). To ascertain if Ccr2 and Cx3cr1 might play a role in peripheral insulin sensitivity on HFD, we examined the effects of their deficiency on glucose fluxes during a hyperinsulinic-eugylemic clamp ([Figure 4D](#F4){ref-type="fig"}) in WT, *Ccr2^−/−^*, *Cx3cr1^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice. The basal (fasting) glucose production was similar between groups. The glucose infusion rate (GIR) required to maintain euglycemia during the clamp and the rates of hepatic glucose production (HGP) and glucose disposal (Rd) were all similar between groups, indicating that hepatic and peripheral insulin sensitivity was not altered by deficiency of *Ccr2*, *Cx3cr1* or both genes. There were no differences in insulin-stimulated glucose uptake in perigonadal tissue; however, the *Cx3cr1^−/−^* mice showed reduced glucose uptake in gastrocnemius muscle ([Figure S2](#SD1){ref-type="supplementary-material"}). The latter may suggest a potential for selective muscle insulin resistance in *Cx3cr1^−/−^* mice, but this could be a spurious finding given the multiple testing and requires independent studies to replicate.

Overall, our results suggested that the fasting blood glucose concentration, glucose tolerance, baseline and glucose-induced insulin secretion and insulin sensitivity were not affected by deletion of *Ccr2 or Cx3cr1* or both during extended periods of HFD in male mice ([Figures 2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}).

*Ccr2^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice but not *Cx3cr1^−/−^* mice have reduced circulating monocytes {#S18}
---------------------------------------------------------------------------------------------------------

Blood cell counts ([Figure 5](#F5){ref-type="fig"}) showed expected reduction in total white blood cell and monocyte population in *Ccr2^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* male mice, but no significant difference was found between WT and *Cx3cr1^−/−^* mice as previously reported ([@R17]). The *Cx3cr1^−/−^Ccr2^−/−^* double knockout mice also showed modest reduction in lymphocyte populations. Flow cytometry of blood was consistent showing lower CD115+ monocytes as a percentage of CD45+ leukocytes in *Ccr2^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice but not in *Cx3cr1^−/−^* mice ([Figure S3](#SD1){ref-type="supplementary-material"}).

Double knockout of *Cx3cr1* and *Ccr2*, but not single knockout of either gene, modulated the relative proportion of M1 to M2 macrophages in adipose of male mice {#S19}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

The gating strategies for adipose flow cytometry were shown in [Figure 6A](#F6){ref-type="fig"}. The percentages of live and single CD45+ leukocytes in SVF of male mice epididymal adipose tissue were not statistically different between groups, though *Cx3cr1^−/−^Ccr2^−/−^* mice showed a trend toward lower values ([Figure 6B](#F6){ref-type="fig"}). Total F4/80+CD11b+ macrophages as a percentage of live CD45+ leukocytes were identical between groups ([Figure 6C](#F6){ref-type="fig"}), suggesting that knockout of *Ccr2* or *Cx3cr1* or both did not specifically affect macrophage accumulation in visceral adipose tissue. However, CD11c+MGL1− M1-like macrophages as a percentage of live CD45+F4/80+CD11b+ macrophages were reduced, coincident with reciprocal increase of CD11c-MGL1+ M2-like macrophages, in *Cx3cr1^−/−^Ccr2^−/−^* mice but not in *Ccr2^−/−^* or *Cx3cr1^−/−^* mice ([Figure 6D](#F6){ref-type="fig"}). CD11c−MGL1− double negative, and CD11c+MGL1+ double positive macrophages were similar between groups. The results suggest that in males deficiency of both *Ccr2* and *Cx3cr1* may ameliorate adipose tissue inflammation during HFD feeding by modulating the relative proportion of M1 vs. M2 macrophages.

Despite the effects of double knockout of *Ccr2* and *Cx3cr1* on the ratio of M1/M2 macrophages, the knockout showed no consistent effects on modulating expression of a handful of inflammatory and anti-inflammatory genes (*Ccl2, Cx3cl1, Il1b, Il12a, Il6, Tnf, Il10, Tgfb1*) in epididymal adipose tissue and in liver ([Figure S4](#SD1){ref-type="supplementary-material"} and [S5](#SD1){ref-type="supplementary-material"}). We also explored whether knockout of *Ccr2* and *Cx3cr1* affected systemic inflammation. Circulating levels of CCL2, but not CX3CL1 and CCL5, were increased by HFD feeding ([Figure S6](#SD1){ref-type="supplementary-material"}). Knockout of *Ccr2* and *Cx3cr1* did not affect plasma CCL5 levels but did lead to an expected compensatory increase in plasma CCL2 and CX3CL1 levels respectively ([Figure S6](#SD1){ref-type="supplementary-material"}).

Female mice differ in their response to HFD and chemokine receptor deficiency {#S20}
-----------------------------------------------------------------------------

Sex differences in the metabolic impact of high-fat diet have been reported ([@R23]). To probe whether the role of *Ccr2* and *Cx3cr1* in diet-induced obesity was similar in females and males, we examined the metabolic and inflammatory phenotypes in a cohort of female WT, *Ccr2^−/−^*, *Cx3cr1^−/−^ and Cx3cr1^−/−^Ccr2^−/−^* mice. Body weight ([Figure 7A](#F7){ref-type="fig"}), body composition ([Figure 7B](#F7){ref-type="fig"}), fasting hyperglycemia and glucose intolerance ([Figure 7C](#F7){ref-type="fig"}--[7D](#F7){ref-type="fig"}), and glucose-induced insulin secretion ([Figure 7E](#F7){ref-type="fig"}) were similar between groups. Compared to HFD-fed male mice, however, female mice had lesser weight gain (e.g. at 16 weeks of HFD, body weight was 41.0±1.1g for male WT mice and 27.5±1.2g for female WT mice, *P*\<0.001) and lower fasting glucose levels (e.g. at 12 weeks of HFD, fasting glucose level was 149±11 mg/dl for male WT mice and 79±11 mg/dl for female WT mice, *P*\<0.001). As expected and similar to males, female *Ccr2^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice also showed reduced blood monocyte levels ([Figure 7F](#F7){ref-type="fig"}). Females showed generally lower percentage of M1-like macrophages, and higher percentage of M2-like macrophages compared to male mice of the same genotype ([Figure 7G](#F7){ref-type="fig"}). In contrast to male *Cx3cr1^−/−^Ccr2^−/−^* mice, female *Cx3cr1^−/−^Ccr2^−/−^* mice did not demonstrate altered adipose macrophage distribution vs. female WT mice. These results confirm that, relative to males, female mice are protected from HFD-induced metabolic dysregulation and inflammation, and reveal that genetic deficiency of *Ccr2* and *Cx3cr1* in female mice, does not attenuate further the more modest metabolic and inflammatory impact of HFD than that observed in males.

Discussion {#S21}
==========

This is the first study examining the combined impact of *Ccr2* and *Cx3cr1* chemokine receptor deletion on HFD-induced obesity and related phenotypes in mice. Surprisingly, genetic deficiency of *Ccr2* or *Cx3cr1*, or combined deletion of both, failed to attenuate 45% HFD-induced obesity, glucose intolerance and insulin resistance in either male or female mice. As expected ([@R14]), knockout of *Ccr2* lowered blood monocytes in both sexes, yet despite this, deficiency of *Ccr2* alone did not alter the distribution of M1-like or M2-like macrophages in obese adipose tissue in our studies. Combined deficiency of *Ccr2* and *Cx3cr1* in male mice reduced the proportion of M1-like to M2-like adipose macrophages, suggesting potential cooperative effects of Ccr2 and Cx3cr1 on adipose macrophage phenotypes in males on HFD. Compared to males, females were relatively resistant to HFD-induced obesity and glucose intolerance as has been reported ([@R23]), and had lower percentage of M1-like and higher percentage of M2-like macrophages in perigonadal adipose tissue. In the context of this sex differences, dual deletion of *Ccr2* and *Cx3cr1* in female mice had no apparent impact on adipose macrophage phenotypes.

Overall, our findings suggest that the apparent attenuation of adipose macrophage activation in the combined *Ccr2* and *Cx3cr1* deficiency does not translate to improved metabolic profile. This was likely due to the rather modest impact of combined *Ccr2 and Cx3cr1* deficiency on systemic inflammation in our studies. The lack of association between altered polarization of adipose macrophages and adipose gene expression may be because whole adipose was used for the qRT-PCR analysis, potentially masking a modest effect on expression in adipose macrophages, which represent a minority portion of adipose SVF ([Figure 6A](#F6){ref-type="fig"}). Future studies may specifically determine the gene expression profile of isolated adipose macrophages. In addition, examining circulating levels of a broad spectrum of cytokines and chemokines implicated in obesity ([@R24], [@R25]) may reveal further incremental insights. Nonetheless, our results cast doubt on a physiologically important role of these chemokine receptors and signaling pathways in diet-induced obesity and metabolic disorders, at least in the specific rodent model contexts that we employed.

Our findings, however, raise further concerns for the reproducibility and design of rodent model studies of inflammatory pathways in obesity and its metabolic complications ([@R26]). Many factors may contribute to conflicting findings in these rodent studies including differences in diet, environment (e.g., ambient temperature and microbiome), the sex distribution, and genetic manipulation or background of mice. Dietary composition, in particular, is an important consideration ([@R27]). High-fat diets used in laboratory research can contain 32% to 60% calories from fat ([@R28]), with varying amounts and sources of protein and carbohydrate. From a nutritional perspective, a human diet of 60% calories from fat is extreme and not relevant to typical clinical settings ([@R29]). However, such diets are commonly used to induce obesity in rodents because the rapid weight gain allows researchers to screen effects of interventions after a shorter period of time ([@R28]). Previous studies have shown that global ([@R5]) or hematopoietic ([@R16]) *Ccr2* deficiency ameliorated the metabolic dysregulation and adipose tissue inflammation in mice with extended periods of 60% HFD feeding (D12492, Research Diets Inc.) for up to 20 to 24 weeks. By contrast, in our study using 45% HFD for up to 25 weeks, we did not observe metabolic and adipose inflammatory modulation with *Ccr2* deficiency. It is possible that differences in diet -- with protective effects of *Ccr2* deletion being more apparent under more extreme metabolic stress -- contributed to conflicting findings. Unmeasured environmental difference or distinct genetic targeting might also have contributed. Indeed, Weisberg et al. ([@R5]), used mice with deletion of *Ccr2* by replacing all but the first 39 base pairs of the coding region ([@R30]) whereas in our study, the *Ccr2^−/−^* mice were generated by replacing the first 279 base pairs with a RFP transgene ([@R18]).

Conflicting findings also are apparent in studies examining the effects of *Cx3cr1* deficiency on diet-induced metabolic traits in mice. In the current study using *Cx3cr1^−/−^* mice with knock-in of EGFP replacing the first 390 base pairs of the *Cx3cr1* gene, we did not observe impact of *Cx3cr1* deficiency on 45% HFD-induced metabolic phenotypes ([@R19]). This is in contrast to our prior report, using the same diet and mouse facility, but in a distinct *Cx3cr1^−/−^* mouse model generated by replacing the entire coding region with a neomycin-resistance gene, showed a modest protection from diet-induced insulin resistance ([@R17]). There have been several additional reports of inconsistent metabolic findings in HFD-fed *Cx3cr1* deficient mice with different diet or distinct genetic background ([@R31], [@R32], [@R33]). Overall, disparate findings in these studies of *Ccr2* and *Cx3cr1* deficient models suggest effects may be specific to the genetic strategies and that subtle metabolic and tissue inflammatory effects may be revealed or absent depending on the intensity and time-course of the high-fat diet.

Sex differences in the susceptibility to obesity and obesity-associated diseases are well established but poorly understood ([@R23], [@R34], [@R35]). Previous studies revealed that C57BL/6 male but not female mice (B&K Universal, Scanbur, Stockholm, Sweden) fed a 60% HFD developed visceral adipose inflammation, glucose intolerance and insulin resistance ([@R23]). In our study using a 45% HFD, female mice showed less weight gain and lower fasting glucose compared to male mice, coincident with lower percentage of M1-like macrophages and higher percentage of M2-like macrophage in adipose. These findings provide further evidence that female mice are protected from HFD-induced weight gain and metabolic disturbance and also reveal the lack the apparent impact of *Ccr2, Cx3cr1* or dual *Ccr2/Cx3cr1* deficiency in female mice. How these sex-differences and chemokine receptor genetic studies in rodent models translate to the human cardiometabolic setting has been unclear.

Yet, increasing human data are becoming available. Prior small human genetic studies have variably linked variation in the *CCR2* and *CX3CR1* genes to cardiometabolic traits ([@R36], [@R37]). Recently, however, our group interrogated very large genome-wide association, exome sequencing, and exome array genotyping datasets and found no association of genetic variation in these chemokine receptor genes with obesity, glucometabolic traits, or coronary artery disease ([@R38], [@R39]). In a South Asian cohort, we identified variants associated with myocardial infarction and type 2 diabetes mellitus but these did not meet significance in much larger cohorts of European ancestry ([@R39]). In light of these human genetic data and our current rodent studies, it appears unlikely that functional genetic variation in *CCR2* and *CX3CR1* that modestly alters the balance of adipose macrophage activation has physiologically meaningful impact on HFD induced metabolic alterations including obesity and its metabolic complications. By inference, limited clinical utility is likely to be derived from therapeutic targeting *CCR2* and *CX3CR1* in obesity-associated metabolic diseases in humans.

Conclusion {#S22}
==========

In summary, a single knockout or double knockout of *Ccr2* and *Cx3cr1* did not attenuate weight gain, glucose intolerance or insulin resistance in response to HFD. Male *Cx3cr1^−/−^Ccr2^−/−^* double knockout mice, but not mice with single knockout of *Ccr2* or *Cx3cr1*, had apparent modulation of adipose macrophage activation yet there was no impact on diet-induced metabolic derangements. Our study also underscores the known sex differences in obesity and metabolic responses to HFD and the need to perform studies that specifically address such sex differences in inflammation and metabolism.
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======================
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![A schematic figure of the study design\
HFD, high-fat diet; IPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test; CBC, complete blood count.](nihms878247f1){#F1}

![Deficiency of *Ccr2*, *Cx3cr1* or both had no effects on weight gain or body composition in HFD-fed male mice\
Male WT, *Ccr2^−/−^*, *Cx3cr1^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice were fed with 45% HFD (45% calories from fat) starting at 12-weeks of age. A: Weight gain over 25 weeks of feeding with 45% HFD was identical between groups (n=12 WT, 12 *Ccr2^−/−^*, 9 *Cx3cr1^−/−^, 16 Cx3cr1^−/−^Ccr2^−/−^*). B: After 25 weeks of HFD feeding, body fat and lean mass were measured by NMR after a 5-hour fast and there were no differences between groups (n=9 WT, 10 *Ccr2^−/−^*, 8 *Cx3cr1^−/−^, 17 Cx3cr1^−/−^Ccr2^−/−^*). Data are mean±SEM. N.S., not significant.](nihms878247f2){#F2}

![Deficiency of *Ccr2*, *Cx3cr1* or both did not modulate HFD-induced hyperglycemia and glucose intolerance in male mice\
Fasting blood glucose levels and IPGTT after an overnight fast were measured prior to and after 4, 8, 14 and 23 weeks of HFD in male WT, *Ccr2^−/−^*, *Cx3cr1^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice (n=11 WT, 11 *Ccr2^−/−^*, 9 *Cx3cr1^−/−^, 14 Cx3cr1^−/−^Ccr2^−/−^*). A and B: Fasting glucose levels were increased and glucose tolerance was impaired in WT mice by HFD. C and D: Fasting glucose levels or glucose tolerance were similarly affected by HFD between groups (two-way ANOVA analysis), although at 8 weeks of HFD, *Ccr2^−/−^* mice showed difference in glucose tolerance at a single-time point. Data are mean±SEM. \*, *P*\<0.05 vs. male WT mice.](nihms878247f3){#F3}

![Deficiency of *Ccr2*, *Cx3cr1* or both did not affect fasting insulin levels, glucose-induced insulin secretion and insulin sensitivity measured by ITT and hyperinsulinemic euglycemic clamp in HFD-fed male mice\
A: Fasting plasma insulin levels were similar between groups (n=7 WT, 6 *Ccr2^−/−^*, 6 *Cx3cr1^−/−^, 6 Cx3cr1^−/−^Ccr2^−/−^*). B: Glucose-induced insulin secretion (2g/kg glucose by intraperitoneal (i.p.) injection) was similar between groups after 13 weeks of HFD. (n=5 WT, 5 *Ccr2^−/−^*, 5 *Cx3cr1^−/−^, 5 Cx3cr1^−/−^Ccr2^−/−^*). C: ITT test showed similar insulin sensitivity between groups (n=11 WT, 9 *Ccr2^−/−^*, 9 *Cx3cr1^−/−^, 14 Cx3cr1^−/−^Ccr2^−/−^*). D: Hyperinsulinic euglycemic clamp was performed in a representative subgroup of mice (n=6 WT, 5 *Ccr2^−/−^*, 6 *Cx3cr1^−/−^, 6 Cx3cr1^−/−^Ccr2^−/−^*). Fasting hepatic glucose production (HGP) and HGP in response to insulin infusion during the clamp were similar between groups. Glucose infusion rate (GIR) required to maintain euglycemia and Rate of Glucose Disposal (Rd) were also not different. Data are mean±SEM. N.S., not significant.](nihms878247f4){#F4}

![Total blood levels of white blood cells and monocytes were reduced in *Ccr2^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* male mice, but not in *Cx3cr1^−/−^* male mice\
Blood counts with differential were performed after 15 weeks of HFD. The results showed lower numbers of total white blood cells (A) and monocytes (B) in *Ccr2^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice, but not in *Cx3cr1^−/−^* mice. *Cx3cr1^−/−^Ccr2^−/−^* mice also had lower levels of lymphocytes (C), but the effects were less marked. There were no differences in the numbers of neutrophils, eosinophils and platelets between groups (D--F). Data are mean±SEM. \*, *P*\<0.05 vs. male WT mice; n=7 WT, 7 *Ccr2^−/−^*, 4 *Cx3cr1^−/−^, 8 Cx3cr1^−/−^Ccr2^−/−^*. N.S., not significant.](nihms878247f5){#F5}

![In male mice, double knockout of *Cx3cr1 and Ccr2*, but not their individual deletion, reduced M1-like but increased M2-like macrophages in epididymal adipose tissue\
A: Gating strategies for flow cytometric analysis of the stromal vascular fraction of epididymal adipose tissue was performed in male mice. B: CD45+ adipose leukocytes as a percentage of live single cells were not statistically different between groups, but trended lower in *Cx3cr1^−/−^Ccr2^−/−^* mice vs. WT mice. C: F4/80+CD11b+ adipose macrophages as a percentage of live CD45+ cells were not different between groups. D: CD11c+MGL1− M1-like macrophages as a percentage of live CD45+F4/80+CD11b+ macrophages were lower, while CD11c−MGL1+ M2-like macrophages were higher in the *Cx3cr1^−/−^Ccr2^−/−^* mice vs. WT mice. In contrast, a single knockout of *Cx3cr1* or *Ccr2* did not affect macrophage proportions in adipose. Data are mean±SEM of representative data from 9 WT, 8 *Ccr2^−/−^*, 9 *Cx3cr1^−/−^, 8 Cx3cr1^−/−^Ccr2^−/−^*. \*, *P*\<0.05 vs. male WT mice.](nihms878247f6){#F6}

![Effects of deficiency of *Ccr2*, *Cx3cr1* or both on metabolic and inflammatory phenotypes in female mice\
Female WT, *Ccr2^−/−^*, *Cx3cr1^−/−^* and *Cx3cr1^−/−^Ccr2^−/−^* mice were fed a 45% HFD starting at 12-weeks of age (n=10 WT, 10 *Ccr2^−/−^*, 5 *Cx3cr1^−/−^*, 5 *Cx3cr1^−/−^Ccr2^−/−^*). A: Body weight was measured every 2--4 week. B: Body composition was measured by NMR after 21 weeks of HFD. C and D: Fasting blood glucose and IPGTT were examined in female mice using the same protocols as in male mice. E: Glucose-induced insulin secretion was measured after 13 weeks of HFD after an overnight fast and was not different between groups. F: Blood count with differential was performed after 19 weeks of HFD. \*, *P*\<0.05 compared with female WT mice. G: Flow cytometric analysis of stromal vascular fraction of perigonadal adipose tissue was performed in female mice and data were compared with male mice. \*, *P*\<0.05 when comparing male WT mice with male mice of other genotypes; \#, *P*\<0.05 when comparing male and females mice of the same genotype. Data are mean±SEM. n=6 female WT, 6 female *Ccr2^−/−^*, 4 female *Cx3cr1^−/−^*, 5 female *Cx3cr1^−/−^Ccr2^−/−^*. N.S., not significant.](nihms878247f7){#F7}

###### Study Importance Questions

What is already known about this subject? {#S25}
=========================================

Experimental evidence points toward the C-C motif chemokine receptor-2 (CCR2) and fractalkine receptor (CX3CR1) as important modulators of inflammatory and metabolic phenotypes in diet-induced obesity in mice.

What does your study add? {#S26}
=========================

-   Dual targeting of CCR2 and CX3CR1 on the metabolic and inflammatory consequences of obesity have not been examined.

-   CCR2 and CX3CR1 synergistically impact adipose tissue macrophage inflammatory phenotypes, but their joint deficiency does not influence metabolic effects of high fat diet-induced obesity.
